Maize lethal necrosis disease (MLN) is an emerging disease in East Africa caused by the introduction of Maize chlorotic mottle virus (MCMV). Recent activity seeking to limit spread of the disease is reliant on effective diagnostics. Traditional diagnostics applied on samples with typical field symptoms of MLN have often given negative results using ELISA or PCR for MCMV and Sugarcane mosaic virus (SCMV). Samples collected in the field with typical MLN symptoms were examined using next generation sequencing (NGS). SCMV was found to be more prevalent than suggested by targeted diagnostics. Additionally, the panel of samples were found to be infected with a range of other viruses, seven of which are described here for the first time. Although not previously identified in the region, Maize yellow mosaic virus (MYMV) was the most prevalent virus after MCMV. The development of targeted diagnostics for emerging viruses is complicated when the extent of field variation is unknown, something that can be negated by using NGS methods. As a result we explored MinION technology which may be more readily deployable in resource poor settings. The results show that this sequencer can diagnose known viruses and future iterations have the potential to identify novel viruses.
Introduction
Maize is a major commercial and subsistence crop in sub-Saharan Africa accounting for 34% of all cereals grown 1 . Maize Lethal Necrosis (MLN) is a serious viral disease affecting maize production. , and is likely to be of wider distribution. 10 or Wheat streak mosaic virus 6 , have also been associated with the disease. It is thought that the second virus supresses the host plants post-transcriptional gene silencing based antiviral defences allowing for increased replication of MCMV and subsequent devastating disease 6 . Field surveys using ELISA in Kenya in showed that 60 % of randomly selected samples were positive for MCMV, whilst only 28% were infected with SCMV 8 . However, interpretation of this data is complicated by a poor understanding of the nucleic acid sequence variability within the virus population of the region and the impact (efficacy) this may have on the diagnostic assays used. MCMV within sub Saharan Africa has been found to be highly conserved 8 , and as a result nucleic acid based assays for MCMV should be reliable. However, the commercially available antibodies used in the ELISA testing were not raised to isolates from the region and have subsequently been found to give negative results with some infected samples from Kenya 1, 5 . Sugarcane mosaic virus ,has much higher nucleotide sequence diversity, 7 and a real-time PCR assay designed to the sequence of the original Kenyan isolate 5 was
Maize lethal necrosis (MLN) is caused by a co-infection between Maize chlorotic mottle virus (MCMV) and a potyvirus, in recent outbreaks this is usually Sugarcane mosaic virus (SCMV). Other members of the potyviridae, including Maize dwarf mosaic virus
found not to amplify SCMV isolates from Rwanda
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. There is also evidence of uncertainty when trying to identify maize lethal necrosis using field symptoms alone. Maize samples obtained from Democratic Republic of Congo with severe chlorotic mottle and pale green streaks typical of MLN were found not to be infected with a potyvirus (using either SCMV specific or generic potyvirus primers). Maize streak virus was also found to be absent 9 . It seems likely that disease symptoms caused by other well characterised viruses are being confused with MLN in the field or that different potyviruses may be contributing to the disease in some instances and that other, as yet undescribed viruses may also be contributing to symptoms and subsequently confusion around identifying maize lethal necrosis accurately in the field. The detection of these reactions requires a sensitive instrument which contributes to the expense of the systems. For over 10 years the potential of sequencing DNA by passing it through a nanopore has been discussed 16 . This approach was thought to offer potential benefits in terms of equipment simplicity and hence price, the length of reads generated by the sequencing pores and the preprocessing required for the sample before it could be sequenced. One site contained Maize-associated totivirus 2 (MTV-2) a 4427nt (MF415877) contig with 99% nucleotide identity to the first reported sequence from Ecuador (KT722800). Six sites contained contigs with 81% nucleotide ID to KT722800, which may represent a divergent strain of MTV-2 or a novel Totiviridae species. These sequences were designated as Maize-associated totivirus-3
(Acc:MF425844-9). One sample contained a 9869nt contig (Acc MF415875) with 99% nucleotide identity with Hubei picorna-like virus 55, recently discovered in a mixed sample of Chinese spiders 22 . This is its first report outside of China.
Four sites contained contigs which had discontinuous megablast hits to Soybean associated bicistronic virus (KM015260) and Aphis glycines virus 1 (KF360262), newly discovered members of the Picornavirales which appear to be the same virus (99% nucleotide ID between them). The contigs had homology covering 67% with 75% nucleotide identity, suggesting that this represents a novel
Picornavirales member, designated as Maize-associated picornavirales (MF425850-55).
A 4,221nt (MF415879) contig was identified which has a discontinuous megablast hit to Maize white line mosaic virus (Aureusvirus: Tombusviridae), with 69% nucleotide ID over 20% of the contig.
Reading frame analysis revealed ORFs consistent with the Tombusviridae, including the Four distinct isolates of Maize associated totivirus 1 (MTV-1) 23 were also identified. Two contigs of lengths 4,987nt and 3,065nt (acc MF372914, MF372915) had 86% and 67% identity respectively to MTV-1. One contig of 4,867nt (acc MF372916) had 85% identity and one contig of 4,986nt (acc MF372917) had 81% identity MTV-1.
A 1,849 nt (acc MF372918) contig was identified that appears to encoded a putative ORF of 67 kDa protein containing a RNA-dependent RNA polymerase motif 24 . The contig has 34% identity to a 66kDa protein encoded by Penicillium aurantiogriseum partiti-like virus 25 . For the purposes of this study this putative virus was called Maize associated partiti-like virus (MAPLV).
Of the sites studied, 69% also had the recently discovered Maize yellow mosaic virus (MYMV). Figure   1 shows a neighbour joining tree produced from coat proteins of the MYMV sequences available on GenBank and produced from this study. The sub-Saharan African isolates of MYMV form a distinct cluster (<99% similarity), but are similar (98-99%) to Chinese isolates.
RNA from samples of a single site from South Sudan was sequenced on a single run of an R7.3
MinION flow cell. MiSeq sequencing of the same sample had yielded 768,902 read pairs and BLASTn analysis using the October 2015 Genbank database had shown the presence of MSV with 99% nucleotide identity to an isolate from Mozambique (Acc: FJ882098) 26 and a virus with 81% nucleotide identity to the sequence of the recently reclassified Maize yellow dwarf virus 27 . Further examination using a more recent BLAST database revealed this virus to be MYMV 28 . BLASTx analysis revealed the presence of MPtV-1, MAPLV and two distinct isolates of MTV-1 (described above).
Over a 48hr period the MinION produced a total of 109,560 reads from 331 pores, yielding 9,560 high quality 2D "pass" reads. The longest was 8,045nt and the average read length was 1,130±541.
(SRA acc: SUB2651212) (Figure 2a ). Of the reads produced, approx. 50% were during the first 2 hours and 75% in the first 7 hours (Figure 2b) . A further 38,784 lower quality, 2D reads were recovered from the "fail" output with an average length of 895±498. The high quality reads were compared to the GenBank nr and nt databases from October 2015. Following BLASTn, sequences with significant identity to two viruses were identified. A total of 24 reads (between 609 and 3,857nt in length) had up to 87% identity to sequences of MSV and 3 reads (3,188nt, 2,100nt & 1,284n) had up to 82% sequence identity to Barley yellow dwarf virus (subsequently identified as MYMV).
Following BLASTx analysis, sequences with significant homology to these viruses were again found with the addition of sequences with significant identity to MTV-1. No sequences with significant sequence identity to either MPtV-1 or MAPLV were found.
In order to determine if sequences corresponding to MPtV-1 and MAPLV were generated during the MinIon run all the high quality sequencing reads were mapped on to the assembled viral genomes identified using the MiSeq data. All 5 viruses were present in both sequencing datasets (Table 2) MYMV was first described and named in China in 2016 29 , followed by the sequencing of the whole genome 28 and has recently been reported in Nigeria
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. and would be suited to routine testing applications, the sample processing required before the sample is applied to the flow cell is similarly time consuming and complex as other sequencing platforms. This may limit the uptake of the MinION into routine testing laboratories until the protocol can be streamlined, or the potential of MinION based direct RNA sequencing is realised. In addition to the sequencing platform we explored the use of the WIMP application for data analysis.
Whilst the system was not as effective as conventional bioinformatics approaches for identifying novel virus sequences, it was very simple to use and well suited to use by people not experienced in bio-informatics. In addition, the use of cloud computing removed the need for powerful computer servers for analysis, something that currently reduces the potential uptake of NGS techniques into routine diagnostic laboratories.
MLN is a damaging disease of maize crops and is currently spreading throughout sub Saharan Africa.
Currently surveillance for the disease is predominantly based on observations of the disease symptoms. Our study demonstrates that not all samples with MLN-like symptoms are caused by the disease and that a number of new, or recently discovered viruses, are likely to also be associated with these symptoms. Whilst it is impossible from the current work to identify which viruses are associated with symptoms in maize, it does highlight the need for the deployment of specific diagnostics for the causal agents of MLN disease. The results also suggest that a greater knowledge is needed of the additional viruses and the risk these may be presenting with production and with spread through the seed industry. It is likely that certification of maize seed cannot be effectively based on visual observations and that a number of specific and sensitive diagnostics are required to measure for a number of known high-impact viruses along with viruses that may be of potential harm. Non-targeted sequencing methods are useful for identifying these other viruses, however due to the costs and infrastructure needs of the most widely used, existing platforms, uptake is slow. The applicability of such technology to certification schemes is further challenged by virtue of the numbers of samples that may need to be tested. Nevertheless, the MinION system examined here shows promise for both virus discovery and for identification of the virus variability, and both the costs of the platform and the nature of the analysis offer benefits for studying emergent diseases in resource-poor settings.
Experimental Methods

Samples
Survey A: Samples were collected on farms from the Bomet (2012) (site 1 and 2) and Trans Nzoia Libraries had low quality bases trimmed using Trim galore! (threshold=20) 39 were assembled using minutes on a C1000 PCR instrument (Biorad). The amplified cDNA was then purified using 0.7 x AMPure XP beads (Agencourt) before being eluted in 80 µl water.
A MinION sequencing library was prepared using the SQK-MAP005 2D DNA kit (Oxford Nanopore).
The purified cDNA was end repaired and A-tailed using the End Repair A Tailing kit (NEB, UK)
following the manufacturer's instructions and again purified using 1.8 x AMPure XP beads . The number of reads mapping to the viral genome was calculated using LAST 41 and SamTools
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. WIMP data was produced by re-uploading the raw MinION data using the Metrichor client (Oxford Nanopore).
Viral open reading frames and proteins were analysed using CLC mainworkbench (CLC Bio).
Phylogenetic trees were constructed using MEGA 6 with 500 bootstrap resamplings 42 . 
Figure legends
